Charm production from proton-proton collisions 
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We evaluate the cross sections for charmed hadron production from proton-proton reactions 
pp — > D°pA^ and pp — > D*°pA^ using a hadronic Lagrangian. With empirical coupling constants 
and cutoff parameters in the form factors, sum of their cross sections at center-of-mass energy of 
11.5 GeV is about 1 /Jo and is comparable to measured inclusive cross section for charmed hadron 
production from proton-proton reactions. The cross section decreases to about 1 nb at 40 MeV 
above threshold. 
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I. INTRODUCTION 



For reactions involving hadrons that consist of charm 
quarks, a hadronic model with interaction Lagrangian 
based on the SU(4) flavor symmetry was first introduced 
in Ref. [1]. With empirical coupling constants and in- 
troducing form factors at interaction vertices, this model 
gives a J/ip absorption cross section by pion or rho me- 
son [2-4] that is comparable to that needed in the co- 
mover model for understanding the observed suppres- 
sion of J I tfj production in relativistic heavy ion collisions 
[5,6]. Extending the Lagrangian to include the interac- 
tions between charmed hadrons and baryons, the model 
has also been used to study J/ip absorption by nucle- 
ons [7] and charm photoproduction on nucleons [8]. In 
both cases, the theoretical cross sections are comparable 
to those known empirically. The model has further been 
used to calculate the cross section for charm production 
from 7r-N interactions [9], which is relevant to charmed 
meson production in relativistic heavy ion collisions [10], 
and the cross sections for charmed meson scattering by 
hadrons [11,12]. In the present paper, the same hadronic 
Lagrangian is used to evaluate charmed hadron produc- 
tion from proton-proton collisions. Motivated by future 
experiments at proposed accelerator facility at the Ger- 
man Heavy Ion Research Center [13], there are already 
studies on these reactions based on the meson-exchange 
model [14,15]. However, effects due to off-shcllness of 
exchanged mesons have been neglected in these studies. 
As in our previous studies of J/ip absorption by nucleon 
[7] and photoproduction of J/ip on nucleons [8], we do 
not make the on-shell approximation in evaluating the 
charmed meson production cross section from proton- 
proton collisions. 

This paper is organized as follows. In Section II, we 
introduce the interaction Lagrangians that are needed 
to evaluate the cross sections for charm production from 
proton- proton collisions. The two reactions pp — > D°pA c 
and pp — ► D* Q pA c are then discussed in Section III. Wc 



show in this section the amplitudes for these reactions 
and calculate their cross sections due to contributions 
from pion, rho meson, D, and D* exchanges. The total 
cross section for charm production in proton-proton col- 
lisions is given in Section IV and compared to available 
experimental data. Finally, a brief summary is given in 
Section V. 



II. THE HADRONIC MODEL 

Possible reactions for charmed hadron production in 
proton-proton collisions near threshold are pp — > Z)°pA+ 
and pp — > D*°pA+. Cross sections for these reactions 
can be evaluated using the same Lagrangian introduced 
in Refs. [7,8,11,12] for studying charmed meson scatter- 
ing by hadrons. This Lagrangian is based on the gauged 
SU(4) flavor symmetry but with empirical masses. The 
coupling constants are taken, if possible, from empirical 
information. Otherwise, the SU(4) relations are used to 
relate unknown coupling constants to known ones. Form 
factors are introduced at interaction vertices with empir- 
ically determined cutoff parameters. 



A. interaction Lagrangians 

From the formalism described in Refs. [7,8,11,12], the 
interaction Lagrangian densities that are relevant to 
present study are given as follows: 

£-kNN = -ig-KNNN^rN ■ 7?, 

£ p nn = 9 p nnN Cy^r- p M + ^—v^- dpp,^j N, 

CttDD* = ig-KDD* D*^t ■ (Dd^Tr ~ d^Dn) + H.c. , 
£ p dd = ig P DD(DfdpD - d^DrD) ■ p 1 , 
CpB*D* = tg P D*D* [{d^D w fDl - D* u rdpD*) ■ 
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£dna c = igDNA c ( N J5^cD + DA c -y 5 N), 

•C.D* WA C - gD'N^N^AcD*" + D*»A C ^N), 
£ttA c £ c = «57rA c S c A C 7 5 E C • 7? + H.c. , 
£pA c £ c = 9pA c T, c A c ^T, c ■ p^ + H.c. , 
Ajate, = ig D Nv c (Nj 5 f ■ T, C D + Df • S c7 5 iV), 

£d*nv c = 9 d*ni:AN^t ■ X c d; + D^t ■ Z c1 »N). (1) 

In the above, f are Pauli spin matrices, and 7? and p de- 
note, respectively, the pion and rho meson isospin triplet, 
while D = (D+',D°) and D* = (£>*+, L>*°) denote, re- 
spectively, the pseudoscalar and vector charmed meson 
doublets. 



with q being the three momentum transfer in the center- 
of-mass frame for t and u channels or momentum of ini- 
tial or final particles in centcr-of-mass frame for s channel 
[12]. As in Refs. [16,17], we take A^nn = 1.3 GcV and 
ApNN = 1.4 GcV. For the cutoff parameters in F 2 (q 2 ), 
they are taken to be 0.42 GeV. As discussed later in 
Section III, this cutoff parameter is needed in a similar 
hadronic model to reproduce the empirical cross section 
for pp — > K + pA reaction at center-of-mass energy from 
threshold to a few GeV, 



III. CHARMED HADRON PRODUCTION FROM 
PROTON-PROTON COLLISIONS 



B. coupling constants 

For coupling constants, we use the following empirical 
values: g^NN = 13.5 [16], g P NN = 3.25, and k p = 6.1 
[17], and g vD D* = 5.56 [18], and g pDD = g pD »D* = 2.52 
[12]. Other coupling constants, which are not known em- 
pirically, are obtained using SU(4) relations [3,7,8,12], 
i.e., 

gD*NA c — —Vig P NN — —5.6, 



gDNA c — 
9irA c H c 

9d*nt: c 



3- 2ai 
2ao 



■g-xNN — g-nNN — 13.5, 



V3 
~g P NN ■ 



girNN, gDN51 c — (1 — 2ao)gDNA c , 



(2) 



where a D = D/(D + F) ~ 0.64 [19] with D and F being 
the coefficients for usual D-type and F-type couplings. 



In proton-proton collisions at low energies, charm pro- 
duction is dominated by three particle final states. Two 
possible reactions are pp — > D pA c and pp — > D pA c . In 
the following, we discuss their contributions separately. 



A. pp -> D°pA+ 



D° A. 



p p 

(la) 



D° A. 



71° P 



P P 

(lb) 



D° A. 



P P 

(lc) 



C. form factors 

To take into account finite sizes of hadrons, form fac- 
tors are introduced at interaction vertices. In previous 
studies on J/ip absorption and charmed hadron scatter- 
ing by hadrons, monopole form factors have been used. 
Following the work on J/ip absorption by nucleons [7], 
the form factors at irNN and pNN vertices are taken to 
have the form: 



Fi(t) 



A 2 



A 2 -t ' 



(3) 



with t being the squared four momentum of exchanged 
pion or rho meson, while those at irDD*, pDD, pD*D*, 
DNA C , D*NA C , DNTj c , and D*NY, C vertices, that in- 
volve heavy virtual charm mesons or baryons, are 



^2(q 2 ) 



A 2 



A 2 + q 2 ' 



(4) 



p D° A c 
p° | D" 



P P 

(2a) 



A. D° 



5° 

P P 

(3a) 

A c D° p 
D*° 



P P 

(4a) 



p D° A c 
n P 



P P 

(2b) 

A c D° p 



P P 

(3b) 



A c D° p 



p p 

(4b) 



p D° A,. 
P° 



P P 

(2c) 



FIG. 1. Charmed hadron production from pp — + D°pA+. 
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Diagrams for the reaction pp — > D pA+ are shown in 
Fig. 1. They involve the exchange of pion ((la) — (lc)), 
rho meson ((2a) - (2c)), D ((3a) - (36)), and D* ((4a) - 
(46)). Amplitudes for the four processes are given by 

1 

-Mi = -ig^NNp{P3)l5P{Pl) 



t-mi 



X {Mla+Mlb+Ml 



M 2 = 9pNNP{P3) 



7 M + i- 



-9ixv + 

1 



{Pi ~P3)n(Pl -Ps)v 



^ a "(pi-P3)a 



i-m 2 



A4 3 = i9DNAAc(P3)j5P{Pl 



1 



X (A4 3a + A4 36 ), 
Ma = ffD*JVA c A c (p 3 )7Xpi) 

(Pi -P3)a»(P1 



-5m" + 

V l/tn* 



(5) 



where pi and p 3 are, respectively, four momenta of ini- 
tial and final baryons on the left side of a diagram, and 
t = (pi — p 3 ) 2 is the square of nucleon momentum trans- 
fer. The amplitudes M ia , M^, and M ic are for the sub- 
processes tt°p ~> £>°A+, p°p -> L>°A+, L>°p -» 
and Z?*°p — > Z?°p involving exchanged virtual mesons, 
and they are given explicitly by 

A^ia = 9k D D* 9 D* N A c o ^— g— (&1 + £3)^ 



(fcl - fc 3 Hfcl - fc 3 ) 1 



m 2 



M\b — 9ttnn9dnk, 



— — — -A c (m w - & - 

* 1 ' ' *■ JV 



u — mi 



-A c (h ~h~ TO s c )p, 



1 



•M^a = i9DNA c g P DD 2 - 2 (2fc 3 - hfA^p, 
q m D 



2b — l 9pNN9DNh, 



3__A c7 5 (^ + ^ 2 + mAr) 

Si — 



4a — WD*NA C 9DN A c 



si - m A 



x FT 5 On +fe + m Ac)7>, 

-^4o = i9D*NA c 9DNA c — 



x pj^ih-h + m ^ch 5 P- 



(6) 



Here, fci and fc 3 are momenta of initial and final mesons, 
while ki and k& are momenta of initial and final baryons 
in the two-body subprocesses; and q 2 = (k\ — fc 3 ) 2 is the 
square of meson momentum transfer. 

There is no interference between amplitudes involving 
exchange of pseudoscalar and vector mesons. Interfer- 
ences between amplitudes involving exchange of pion and 
D meson as well as those between rho meson and D* are 
unimportant due to the large mass difference between 
light and heavy mesons. Neglecting these interferences, 
the total cross section for the reaction pp — ► D°pA+ is 
then given by the sum of the cross sections for the four 
processes in Fig. 1 and can be expressed in terms of off- 
shell cross sections for the subprocesses ir°p — ► Z)°A+, 
p°p -» D°A+, D°p -» D°p, and D*°p -» D°p. Fol- 
lowing the method of Ref. [8] for the reaction J/ipN — > 
D(D*)D(D*)N, the spin-averaged differential cross sec- 
tion for the reaction — > _D°pA+ can be written as 



der 



dtdsi 
a 2 

167T 2 Sp| 
JpNN 



ky/^(-t) 



(t ml) 2 



^o p ^5o A +(si,i), 



33^ 



32tt 2 s# 



(t-m 2 ) 2 



[4(1 + K p 



2 ^2 (4m^-f) 2 



+ 4(1 + k p ) 



x K (9 (4m 2 v - t)] (T p0p ^ 30A +{si,t), 

xcr D«p^D"p( s li t ) 

r,1 



^9d*na c 



ks/si- 



l 



[-4t + 4(m Ac -m N f 



32n 2 sp 2 '^" L (t-m 2 D ,) 2 

2{m 2 N - ml - t)(m 2 N - m\ c + t) 



—8m\mN + 



in 



D* 



+ 



2((to Ac - m N ) 2 +t)t 



m 



D* 



(7) 



■ M 2c = *.9pAoS c .gDJVE c 



x A c 7^(^ 2 -^ 3 + m s J 7 5 p, 

-A^3a = 9d N a c l —2-P{h +h~ m A c )P> 

Si - m Ac 



3fc — 9dna c 



u — m* 



-P(h ~h~ m A c )p, 



In the above, pi is the center-of-mass momentum of two 
initial protons, t is the squared four momentum transfer 
of exchanged meson, s is the squared center-of-mass en- 
ergy, and Si and k are, respectively, the squared invariant 
mass and center-of-mass momentum of exchanged meson 
and the nucleon in the subprocesses. We have also in- 
cluded a factor of two to take into account contributions 
from interchanging two initial protons. 
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Since the charmed hadron production cross sections 
is sensitive to the value of cutoff paramters in the form 
factors at interaction vertices involving virtual charmed 
mesons and baryons, it is necessary to constraint this 
cutoff paramter empirically. Without exclusive cross 
sections available for chamred hadron production from 
proton-proton scattering, we resort to strange hadron 
production. Usinig the same hadronic model for kaon 
production from the reaction pp — ► K + pA, this reaction 
can be described by similar diagrams in Fig.l for the re- 
action pp — > L>°pA+ with D° and A c replaced by K + 
and A, respectively, in the final states. Also, the ex- 
changed D° in diagrams (3a) and (3b) as well as D°* in 
diagrams (4a) and (4b) are replaced by K and K* , re- 
spectively, while intermediate off-shell charmed baryons 
are replaced by strange baryons. With empirical coupling 
constants g^KK* — 3.25 and g P KK = 3.25, as well as 
others determined via SU(3) relations [20], the measured 
cross section can be reproduced with a cutoff parameter 
A = 0.42 GcV in the form factors ^(q 2 ) at vertices in- 
volving virtual strange mesons and baryons, as shown in 
Fig.2. 




1/2 1/2 ,~ ... 

s -so (GeV) 

FIG. 2. Cross section for kaon production from the reaction 
pp — ► K + pA with cutoff parameter A = 0.42 GeV in the form 
factors at interaction vertices involving exchange of strange 
mesons. Filled circles are experimental data taken from Ref. 

[21] 

Assuming that the same cutoff parameter A = 0.42 
GeV is applicable at vertices involving virtual charmed 
mesons and baryons in charmed hadron production from 
proton-proton reactions, resulting cross sections for the 
reaction pp — > D°pA c from the four possible processes of 
pion (solid curve), rho (dashed curve), D (dotted curve), 
and D* (dash-dotted curve) exchanges as functions of 
center-of-mass energy are shown in Fig. 3. It is seen that 
contributions from light meson exchange are more impor- 



tant than those from heavy meson exchange. Although 
we consider diagrams (la) and (2a) in Fig.l as exchange 
of pion and rho meson, respectively, they actually involve 
exchange of heavy D* and D mesons in the subprocess 
tt°p — > 5°A+ and p a p -D°A+, respectively. Our results 
that main contributions to the reaction pp — ► pD°A+ are 
due to exchange of light mesons are not inconsistent with 
conclusions in Ref. [14] that this reaction is dominated 
by heavy D meson exchange. 
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FIG. 3. Cross sections for charmed hadron production from 
the reaction pp — * D°pA^ due to pion (solid curve) , rho me- 
son (dashed curve), D (dotted curve), and D* (dash-dotted 
curve) . 
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FIG. 4. Partial cross sections for pp — > D°pA^ due to con- 
tributions from different channels. 
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To see the relative contributions from s, t, and u 
channel diagrams in Fig.l, we show in Fig. 4 the par- 
tial cross sections due to diagrams (la), (lb), and (lc). 
It is seen that the t channel diagram (la) dominates 
charmed hadron production cross section at high ener- 
gies while the s channel diagram (lb) is most important 
near threshold. The contribution from the u channel di- 
agram (lc) is much smaller than those from other two 
diagrams. Except near threshold, our results are thus 
similar to those found in Ref. [14], which uses the on- 
shell approximation for the subprocess irp — > -D°A+ and 
docs not include s and u channel diagrams. 



B. pp — ► D*°pAt 



M 6 = g P NNp{pz) 



y+i^-^cpi-psjc 



1 



2mN 

(Pi -P3)a»(Pi -Pa) v 



P(pi) 



mf 



t — m? p 



M 7 = igDNA a ^c{ps)l5P{Pl) 



1 



t — m 2 D 



x (M? a +M%)e a , 
M 8 = 3n-wA c A c (p 3 )7 Ai p(pi) 

(Pi ~P3)n(Pi -Ps)v 



-sv + 
1 

t - m 2 D , 



m. 



(MZ + MZK, 



(8) 



p D*° A c 
n° | D° 

P P 

(5a) 

p D*° A c 
p D «o 



(6a) 
5*0 p 

D° " 



P P 

(7a) 

5*0 p 



P P 

(8a) 



P P 

(5b) 



P P 

(6b) 

A c D*° p 
D° X\ N 
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(5c) 
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FIG. 5. Charmed hadron production from pp — > L>*°pA+. 

For charm production from proton-proton collisions 
with Z?*°pA+ in the final state, relevant diagrams are 
shown in Fig. 5. As for the reaction pp — ► Z)*°pA+, this 
reaction can proceed through pion, rho meson, D, and 
D* exchanges. Amplitudes for the four processes can be 
evaluated with the interaction Lagrangians given in Sec- 
tion II, and they are given by 



where p\ and p% are again, respectively, four momenta of 
initial and final baryons on the left side of a diagram and 
e a denotes the polarization vector of D* meson in final 
state. 

Expressions for individual amplitudes can be written 
as follows: 



ML 



1 



ig-KDD*gDNA c —^ 

q 



■(2/c! -fc 3 )^A c75 p, 



M 5b = -ig-xNNgD'NAc 



si - my 

5„ 



X k c Y{h+h+ m N)l P, 
M^ c = «fl , 7rA c E c S , D*/VE c g - 

u — mf, 
x A c 7 5 (fe ~h + mzJj f *P, 



M 6a — gD* n tv c g pD* d* ~2 t~ 



gap - 



{h - fc 3 ) Q (fc 1 - k 3 ) 



D* 



A c7 > 



x [2k u l9 ^ - {h + k 3 ) V y + 2fc^* 



M 6b — g P NNgD*NA, 



— — — T A c Y(h + h + m N) 



x 7^ + 1 



2mN 



-a^k 



1/3 P 



MZ = g P A c Y, c gD'NY, c 



u — m 



x A c 7^ 2 -#3 + ms c )7 i p- 

Mia = igDNA c gD*NA c 



Si - m Ac 

,5„ 



1 



Mj b = igDNA c gD*NA a 



M 5 = -ig*N np(pz)i5p{pi)- 



t-m% 
x (M^ + M^ + M^ 



i * flu 2 

JVl 8a — gD*NA c 



-Pl v {h +h+ m Ae )7"P. 

S l m A a 



•5 



KA^ V — r, 2 
JVL 8b ~ 9D*NA € 



u — m. 



-vrfih-h+n^WP- ( 9 ) 



As in the case of charmed hadron production from the 
reaction pp — > D°pA+, total cross section for the reac- 
tion pp — > D*°pA+ can be expressed in terms of off- 
shell cross sections for the subprocesses n°p — > Z)*°A+, 
p°p -> D*°A+, D°p -> £>*°p, and £>*°p -» £>*V In this 
case, the spin averaged differential cross section is 



da. 



pp — >D°pA c 

dtdsi 



a 2 

16ir 2 sp 2 



(t-ml) 2 



+ 



f 



[4(l + «p) : 



%9pNN , , — 

32ir 2 sp 2 VSl ~(t-m 2 p ) 2 

* >-*^"" " + 4(] + *,,) 



AT 



9dna c 
16tt 2 sp 2 
1 



kJ~S\- 



327T 2 sp 2 v "(i-m^,.) 2 
[-4* + 4(m Ac - m w ) 2 - 8m Ac m N 

'"'™IV - ™A C - *)( m /V - m A c + "' 



+ 



+ 



2((m Ac ~m N ) 2 + t)i 



m 



XCT r ,»o p ^£).o J ,(si, t). 



(10) 
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FIG. 6. Cross sections for charmed hadron production from 
pp D*°pA+ due to pion (solid curve), rho meson (dashed 
curve), D (dotted curve), and D* (dash-dotted curve). 

Using coupling constants and cutoff parameters intro- 
duced in Section II, we have evaluated the cross section 
for the reaction pp — > Z)*°pA+. In Fig. 6, we show 
contributions from pion (solid curve), rho meson (dashed 
curve), D (dotted curve), and D* (dash-dotted curve) ex- 
changes as functions of center-of-mass energy. As for the 
reaction pp — ► Z)°pA+, light meson exchanges are more 
important than those from heavy meson exchanges. How- 
ever, the contribution from rho exchange is larger than 
that from pion exchange, which is opposite to that in 
the reaction pp — > -D°A+, as a result of couplings involv- 
ing three vector mesons, which are absent in the latter 
reaction. 



IV. TOTAL CROSS SECTION FOR CHARMED 
HADRON PRODUCTION IN PROTON-PROTON 
COLLISIONS 
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FIG. 7. Cross sections for charmed hadron production from 
proton-proton collisions. Dashed and dotted curves are for 
pp —* D°pA+ and pp — ► D*°pA^ , respectively, while the total 
cross section is shown by solid curve. The threshold energy 
so refers to that of the reation pp — > _D°pA+. Experimental 
data are shown by filled circles [22] . 

The total cross section for charm production from 
proton-proton collisions is shown in Fig. 7 as a function of 
center-of-mass energy (solid curve). It's value at centcr- 
of-mass energy of 11.5 GeV is about 1 fib and is within 
the uncertaity of measured inclusive charm production 
cross section, which is about 2 fib as shown by solid cir- 
cles with error bar [22] . The cross section decreases as en- 
ergy drops and is about 1 nb at 40 MeV above threshold. 
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Also shown in Fig. 7 are the cross section for the reactions 
pp — > _D°pA+ (dashed curve) and pp — > D*°pA+ (dotted 
curve), and it is seen that the former is somewhat larger 
than the latter. 



V. SUMMARY 

Using a hadronic model based on SU(4) flavor in- 
variant Lagrangian with empirical masses and coupling 
constants, we have studied charmed hadron production 
from proton-proton collisions through the reactions pp — > 
Z)°pA+ and pp — > D*°pA+. These reactions involve ex- 
change of pion, rho meson, D, and D* , and their cross 
sections can be expressed in terms of the cross sections for 
the off-shell processes Mp -> D°A+ and Mp -> Z)*°A+, 
where M denotes one of the above exchanged off-shell 
mesons. With cutoff parameters of form factors adjusted 
to fit the cross section for strange hadron production 
in proton-proton reactions, the resulting cross section 
for charmed hadron production from proton-proton col- 
lisions at center-of-mass energy of 11.5 GeV is consistent 
with available experimental data. The predicted cross 
section at 40 MeV above threshold is about 1 nb. Our 
results will be useful for the experiments to be carried 
out at proposed accelerator at the German Heavy Ion 
Research Center [13]. 
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